To reduce tensile residual stress in a welded region, we developed a new welding method that applies a water-shower behind the welding torch. When this method is applied to welding of austenitic stainless-steel plates, the water-shower cooling conditions mainly determine how much the residual stress can be reduced. To determine the conditions for reducing tensile residual stress, we first used FEM to evaluate the effects of interpass temperature on residual stress. To verify the validity of the FEM-obtained conditions, specimens welded in the case of with or without water-shower cooling were manufactured. Residual stresses in the specimens were then experimentally measured. These measurements showed that tensile residual stresses were generated on the surface of the welds and could be reduced by applying the water-shower cooling. These measurement results agree well with the results of FEM analyses. It can therefore be concluded from these analytical and experimental results that applying water-shower cooling during welding effectively reduces tensile residual stress generated by welding of austenitic stainless steel.
Introduction
Stress-corrosion cracking (SCC) of austenitic stainless-steel welds in a boiling-water reactor (BWR) is one of the main concerns requiring mitigation. SCC initiates when three factors combine: a material is deteriorated, its environment is corrosive, and high tensile residual stress remains. Eliminating one of these factors can control the initiation of SCC (1) .
Tensile residual stress generally remains around the welds owing to the local heat input of the welding process. It is one of the main factors in the initiation of the SCC. Accordingly, reduction of the tensile residual stress at the welds can effectively control SCC initiation. In a BWR pressure vessel, the last-pass welded surface is usually exposed to a corrosive environment. For example, the core shroud in the reactor pressure vessel is manufactured in two parts, i.e., two cylindrical bodies. An X-shaped groove is machined at each end of the cylindrical bodies. The two cylinders are then joined by welding along the groove. The last pass-welded surfaces on the inner area and the outer area of the shroud are exposed to the corrosive environment when the BWR is under operation. The residual-stress reduction at the last-pass welded surfaces is therefore particularly important to control the initiation of SCC.
To reduce tensile residual stress on the last-layer welded surfaces, preventative maintenance such as water-jet peening (WJP) (2) is sometimes applied to the welded areas.
Applying WJP reduces tensile residual stress on the weld surface. However, some additional operations are required to apply WJP.
To reduce tensile residual stress on the last-pass welded surface, a new method that applies water-shower cooling during welding has been developed. With this new method, a water shower cools rapidly on the high-temperature area behind the heat-input area. In previous studies, the new method was applied to a single-pass bead on plate specimens. And the mechanism that reduces the tensile residual stress on the specimens was examined (3) .
Moreover, an optimized condition to generate high compressive residual stresses on the welded surface was established (4) . It was verified that applying the new method could reduce residual stress on the last-pass welded surface of the bead on plate specimens to compressive (5) . However, most components in real plants are manufactured by multi-layer welds. Accordingly, it is particularly important to verify the effectiveness of the new method for a multi-layer weld. In the present study, the new method is applied to the multi-layer weld of thick plates (such as those of the core shroud mentioned above). Effects of the water-shower cooling of the multi-layer welds on reducing tensile residual stress were examined analytically and experimentally. Figure 1 is a schematic of the new welding method. The water-shower cooling is applied behind the torch during the last-pass weld. The high-temperature area behind the torch is cooled rapidly by the water shower. Applying the water shower on the weld surface in this manner reduces tensile residual stress. Figure 2 shows the temperature and stress distributions during two welding processes. In the first process (Fig 2, left) , the top surface of a plate is heated for a short time and then cooled. As the surface is heated, thermal expansion occurs. This expansion is restricted by the bulk of the plate. Compressive stress, followed by compressive yield, thus occurs around the heated surface. Compressive plastic strain therefore remains on the surface of the plate after the heating process, and after moderate cooling, this compressive plastic strain generates tensile residual stress.
Mechanism to Reduce Tensile Residual Stress by Water-shower Cooling
In contrast, in the second process (Fig 2, right) , after the surface of one side of the plate is heated for a short time, it is cooled by a water shower. The temperature on the surface of the plate decreases rapidly when the water shower is applied, but the temperature inside the plate remains high. As a result, during cooling, tensile stress occurs only on the surface of the plate, so tensile plastic strain remains near the surface of the plate. After moderate cooling, the tensile plastic strain generates compressive residual stress. 
Conditions of Welding and Cooling
To verify the effectiveness of the water-shower cooling during the last-pass welding on reduction of the tensile residual stress on the welded surface of multi-layer welded specimens, residual stresses of specimens manufactured with or without the water-shower cooling were analytically and experimentally determined. The conditions for the welding and the cooling procedures are given below.
The specimens were made of SUS304 austenitic stainless steel. Figure 3 shows the geometry of each specimen, that is, a plate with dimensions of 30×300×160 mm. A V-shaped groove was machined along the longitudinal direction at the center of the plate. Multi-layer welds were formed by 12 welding passes. Figure 3 also shows the analyzed area (explained in section 4) as a shaded one and the line along which residual stress was measured (explained in section 5). Conditions from the first pass to the eleventh pass were the same for each specimen. Table 1 lists the welding conditions applied for the welding passes. Three plates were welded from the first pass to the eleventh pass under the same conditions. That is, they were welded under ambient air from the first to the eleventh pass. The conditions for the last pass were different. Table 2 lists the welding and cooling conditions applied for the last pass. Three cases were examined. One of the plates was subjected to a last-pass weld without water-shower cooling (Case A). The other two plates were subjected to a last-pass weld with water-shower cooling, and one of these plates was welded at an interpass temperature of 20ºC (Case B). The other plate was welded with an interpass temperature of 180ºC (Case C). It was previously confirmed by the bead-on-plate tests (4) that the interpass temperature particularly affected residual-stress reduction with the new method. Temperature difference between the bulk and the water-shower-cooled surface increases with increasing interpass temperature. Compressive residual stress generated on the cooled surface increases with increasing temperature difference. In this study, the maximum interpass temperature for an SUS304 weld was specified as 180ºC. Case C met the condition that the welding started at the maximum interpass temperature.
Theoretical Analysis
Effects of the water-shower-cooling conditions on the residual-stress distributions were examined by using the three-dimensional finite-element method.
Analytical Conditions
To evaluate the residual-stress distributions on the welded plate, finite-element analysis was conducted. A three-dimensional model was used to calculate the temperature and residual-stress distributions. The finite element mesh used for the analysis is shown in Fig4. Given the symmetry of the specimens, only half of the welded plate was analyzed. The mesh subdivision of welded area is also shown in the figure. The mesh could model the stress distributions after all of the welding passes. Finite-element analysis was conducted from the start of welding at the first pass to the termination of welding and cooling at the last pass, i.e., all of the welding processes taking place in the specimen were simulated. The temperature distributions of the plate during welding and cooling were determined by transient-heat-transfer analysis. Residual-stress distributions in the plate were then determined by thermal elasto-plastic analysis referring to the results of the thermal analysis. Heat input from the torch to the plate was modeled using heat-body-flux conditions. The heat-body-flux area moved along the weld line at the torch traveling speed. When the plate was cooled slowly in ambient air, the heat-transfer coefficients for air at the boundary surfaces were used. When the high-temperature area behind the heat input area was cooled rapidly by the water shower, the heat-transfer coefficient of forced cooling was used. Figure  5 (c) shows the heat-transfer coefficient for the air at the boundary surfaces and that for the forced cooling area. The heat-transfer coefficient in the forced-cooling area in which the temperature is lower than or equal to 100 o C is specified as that for water. The heat-transfer coefficient in the forced-cooling area in which the temperature is higher than 100 o C is specified as that for water at 100 o C. Specifying the heat-transfer coefficients in the water-shower cooling area as those of the forced-cooling area was confirmed analytically and experimentally in a previous study (3) . A subroutine program was coded and used to specify the heat-input area that moves along the welding path at the torch-traveling speed. A subroutine program was also coded to specify the heat-transfer coefficient in the forced cooling area.
Initial temperature of the model was set at 20 o C from the first pass to the eleventh one.
Temperature around the torch increased during the welding. Transient heat-transfer analysis simulated the temperature distributions in processes ranging from the heat-input process to the ambient air-cooling process and water-shower cooling process. The interpass temperature of the last-pass weld in Case C was set at 180 o C. The temperature at all of the nodes in Case C was specified as prescribed in the boundary conditions. Thermal loads were calculated from the temperature distributions derived from the transient heat-transfer analyses. Stress distributions in the plates subjected to the thermal loads were calculated by the thermal elastic-plastic analysis. Stresses after the temperature reached the initial condition were defined as residual stresses. Figure 6 shows contour lines of the temperature distributions when the torch reached mid-length position along the weld line. 2008 In Fig 6(a) , a high-temperature area (indicated with contour lines from 50 to 400 o C)
Results of Transient Heat-transfer Analysis
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remains behind the heat-input area on the welded surface. On the other hand, in both Figs 6(b) and 6(c), the temperature of the water-shower-cooled area behind the heat-input area on the welded surface is lower than that of the other areas. Applying the water-shower cooling on the high-temperature surface generated a temperature difference between the surface and the inside of the plate. Tensile stress occurs only on the surface of the plate, so tensile plastic strain remains near the surface. After moderate cooling, the tensile plastic strain generates compressive residual stress. And its absolute value increases with increasing temperature difference between the surface and the inside of the plate. The temperature difference in Case C (interpass temperature: 180 o C) is larger than that in Case B (interpass temperature: 20 o C). Accordingly, tensile-stress reduction in Case C will be more effective than that in Case B.
Results of Thermal Elasto-plastic Analysis
Thermal elasto-plastic analysis using temperature distributions obtained in the transient heat-transfer analyses was conducted. Residual stresses were determined for each plate. The thermal elasto-plastic analysis of all of the processes (from the weld start in the first pass to the weld termination in the last pass and moderate or rapid cooling) was conducted. Figure 7 shows contour lines of the longitudinal stress after completion of the last welding pass. Figures 7(a), (b) , and (c) show contour lines in the cases without cooling, with cooling and an interpass temperature of 20ºC, and with cooling and an interpass temperature of 180ºC, respectively. Figure 7 (a) indicates that tensile stress-with a maximum value of more than 200 MPa-remained around the welded area. In contrast, compressive stress occurred around the welded area to balance the tensile-stress distribution. This residual-stress distribution is typical of a plate with a longitudinal straight weld line. Figure 7 (b) indicates that tensile stress (with amplitude lower than 0 MPa) was reduced. Furthermore, Fig 7(c) indicates that compressive residual stress (with maximum value of more than -200 MPa) was generated around the welded surface. Figure 8 shows contour lines of the transverse stress after the completion of the last welding pass. Figure 8(a) indicates that tensile stress (with maximum value of more than 100 MPa) remained around the welded area. Figure 8(b) indicates that tensile stress (with a maximum of more than -200 MPa) was reduced to compressive stress. Figure 8(c) indicates that the compressive residual stress area around the welded area was enlarged.
According to these results, the effects of the applying the new method on the residual-stress distributions can be summarized as following. With ambient-air cooling, both longitudinal and transverse residual stresses on the welded surface are tensile. The maximum tensile stress was more than 200 MPa. On the other hand, with water-shower cooling, both longitudinal and transverse residual stresses on the welded surface are reduced. Tensile residual stresses were remarkably changed to compressive ones when water-shower cooling was applied and the last welding pass starts at an interpass temperature of 180ºC (Case C).
Figures 9(a) and (b) show longitudinal and transverse stress distributions along a line that is 3 mm away from the groove and parallel to the welded area. Welding started from one side of the plate and continued to the other side of it. Accordingly, residual stress distributions at the welding start position and end position were affected by the welding-start and termination conditions and the boundary condition of the edges of the plate (i.e., deformation at the edges free from constrains). In Figs 9(a) and (b), stresses are almost constant in the region where the distance from the edge was more than 50 mm, that is, an area in which the distance from weld start position was greater than 50 mm and less than 250 mm. Stresses in this area were higher than those around the edges. To estimate residual stresses conservatively, stresses at a point 150 mm from the edges, (that is, the middle position along the welding line) were measured (explained in section 5).
The depth at which compressive residual stress is generated is needed for estimating initiation or propagation of SCC. In Case B, longitudinal stress at the mid position along the welding line and 3 mm from the groove decreased but did not become compressive. Transverse stress along the weld line was decreased to compressive from the surface to depth of 2.1 mm. In Case C, longitudinal stress along the weld line was decreased to compressive from the surface to depth of 1.4 mm. And transverse stress along the weld line was decreased to compressive from the surface to depth of 4.1 mm.
Experimental Verification
Analytical results, as described in the previous section, suggest that compressive residual stresses are generated on the surface of the multi-layer welded plate when the water-shower cooling is used on the last pass weld. Accordingly, we attempted to verify this experimentally.
Experimental Conditions
The dimensions of the specimens used in the experiments were the same as those shown in Fig 3. Welding and cooling conditions were the same as those for the analysis (see Tables 1 and 2 ). Three specimen plates were manufactured. On these plates, welding from the first pass to the eleventh pass was done without water-shower cooling. The twelfth pass was the last pass. In Case A, the plate was welded without water-shower cooling, and the interpass temperature on the last pass was 20ºC. In Case B, the plate was welded with water-shower cooling, and the interpass temperature on the last pass was 20ºC. In Case C, the plate was welded with water-shower cooling, and the interpass temperature on the last pass was 180ºC. In Case C, welding of the last pass started immediately after the welding of the previous pass had finished.
Development of Water-shower-cooling Equipment
Automatic TIG welding equipment was used for the welding. For applying the water-shower cooling during the last-pass weld, equipment with a water-shower nozzle and suction nozzle was developed. Figure 10 shows two photos of the developed equipment. Figure 10(a) shows the welding torch and water-shower cooling nozzle that runs behind the torch. Showered water from the showering nozzle covers the surface of the high-temperature area behind the torch. One portion of the showering water evaporates, and the other portion remains on the surface. The water-shower cooling equipment consists of a nozzle for water showering and a nozzle for recovery of the water by suction. Air suction is applied during the water showering. Surplus water is recovered by suction. Dimensions of the water-shower nozzle are 70 mm (width)×70 mm (length). The water shower cools an area of that size rapidly. The nozzle can provide water at about 10 o C at rate of 1300 ml/minute.
Figure 10(b) shows the view around an electrode during the welding. The torch runs from left to right in the figure. Filler wire is provided during the welding. The water-shower nozzle runs behind the torch. Water-shower cooling behind the torch could be applied using the developed equipment. This experiment confirmed that the water-shower-cooling equipment could be applied at the last-pass welding step.
Measurement Method
SCC in a heat-affected zone in the austenitic stainless steel propagates in a longitudinal direction. Transverse stress helps SCC to propagate in the longitudinal direction. Residual stresses in the transverse and longitudinal directions are needed to estimate the effect of the water-shower cooling. Accordingly, residual stresses at these directions were measured by a sectioning method. To measure residual stresses, biaxial strain gauges were attached to the three areas: the welding-deposited metal, the heat-affected zone, and the parent material in the experiments under Cases A, B, and C. Gauge length was 1 mm. Figure 11 shows the positions of the attached strain gauges. To measure steeple change of stresses around the fusion-line area, series gauges with five measurement positions were used. One of the axes of the biaxial gauges was adjusted to correspond with the longitudinal direction. Consequently, the other axis corresponds to the transverse direction (which is perpendicular to the longitudinal direction). Initial values indicated on the strain gauges were measured. Residual stresses were then released by cutting the welded plates into small sections. The indicated values of the strain gauges were measured again after the specimens were cut up. Released elastic strains in the longitudinal direction and the transverse direction can be calculated as the difference between the indicated value on the stress-free small (cut-up) specimen and the initial indicated value. Residual stresses in the longitudinal and transverse directions can be calculated from the released strains by using the equations of the plane-stress condition. 
Experimental Results
Experimentally measured residual-stress distributions, together with the analytical results, are shown in Fig 12. Figure 12 (a) compares the longitudinal residual stresses in the cases with and without the water-shower cooling. Tensile residual stress occurs in the welded area when the last-pass weld was done without water-shower cooling (Case A). Tensile stress on the fusion line has a maximum of 340 MPa. Tensile residual stress decreases with increasing distance from the welded region; this kind of residual-stress distribution is typical for welded plates. On the other hand, tensile residual stress decreases with water-shower cooling when the interpass temperature was 20ºC (Case B). In addition, residual stress changed to compressive with water-shower cooling when the interpass temperature was 180ºC (Case C). Moreover, compressive residual stress is -50 MPa on a fusion line in Case C, the absolute value of compressive stress is higher at the other measurement positions. Figure 12 (b) compares the transverse residual stress in the cases with and without water-shower cooling. Tensile residual stress occurs near the welded region in the case without water-shower cooling (Case A). In Case A, tensile stress reaches a maximum of 210 MPa at 14 mm from the weld center. On the other hand, tensile residual stress decreases when the water-shower cooling is applied with an interpass temperature of 20ºC (Case B). In Case B, tensile stress reaches a maximum of 120 MPa. In addition, residual stress changes to compressive when the water-shower cooling is applied with an interpass temperature of 180 ºC (Case C). In Case C, compressive residual stress is -20 MPa at 23 mm from the weld center. The absolute value of compressive stresses increases at the other measurement positions. The measured residual stresses are slightly higher than those in the analyses. In the analysis presented in section 4, a kinematic-hardening law was used to specify the stress-strain relation in the thermal elasto-plastic analysis. In contrast, stress-strain measurement data on SUS304 austenitic stainless steel subjected to cyclic loads shows that stress increases both the isotropic-hardening component and the kinematic-hardening one. The isotropic-hardening component increases with the number of cyclic-thermal-strain loads exerted during multi-pass welding. Yield stress increases with expansion of the isotropic-hardening component. Accordingly, measured residual stresses are higher than those obtained by the analysis.
In spite of the above discrepancy, the experimental data show fairly good agreement with the analytical data. The analytical results show that applying the water-shower cooling during the last-pass weld at an interpass temperature of 180 o C (Case C) converts longitudinal and transverse residual stresses to compressive ones. The analytical results were verified experimentally. The experimental results confirm that the residual-stress distribution on the welded surface is sensitive to the welding condition of the last welding pass and that compressive residual stress can be generated when water-shower cooling is used during the last welding pass.
Summary
To reduce tensile residual stress on the surface of a welded structure, we developed a new welding method. With this method, a water shower behind the welding torch cools the high-temperature area on the welded surface. The effects of both water-shower cooling and interpass temperature on tensile-residual-stress reduction in multi-layer welded plates (thickness: 30 mm; material: SUS304) were investigated through analytical and experimental procedures. A V-shaped groove was machined at the center of the plates in the longitudinal direction. Water-shower cooling was only applied during the last-pass welding. The results of the analysis and experiments are summarized as follows. First, applying water-shower cooling to the high-temperature area behind the heat input area during the last-past welding reduces tensile stress. Second, applying the water-shower cooling with interpass temperature of 180 o C and heat input of 20 kJ/cm (torch traveling speed: 60 mm/min) converts residual stress on the surface to compressive stress. Stress-corrosion cracking (SCC) does not initiate under compressive stress. It can therefore be avoided by using the new welding method for welding austenitic stainless steel. Third, for applying water-shower cooling during the last-pass welding, special equipment (i.e., a water-shower nozzle and suction nozzle) was developed. It was confirmed that this equipment can rapidly cool the high-temperature area during the final-pass welding.
